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INTRQDUCTION 

The e l e c t r i c  u t i l i t y  industry i n  t h e  United S t a t e s  current ly  contr ibutes  
approximately 50% of the nearly 30 million tons per  year of s u l f u r  oxides emitted 
i n t o  the  atmosphere (Ref. 1). Since t h e  t o t a l  i n s t a l l e d  capacity of e l e c t r i c  
u t i l i t i e s  i s  projectea t o  double each decade, (Ref. 2) the amount of Sulfur Oxides 
emitted i n t o  the  atmosphere i n  future  years could exceed projected standards i n  
some sect ions of the country unless su i t ab le  methods a r e  developed t o  control  
su l fu r  oxide emissions. 
gas t o  cleanup of f u e l  before combustion, have been proposed f o r  control l ing su l fu r  
oxide emissions from paver plants .  Although many s tack  gas cleaning methcds’are 
technical ly  feasible ,  most of them a r e  expensive and have not demonstrated r e l i a b l e  
operation i n  commercial service.  The a l t e r n a t i v e  approach, involving removal of 
s u l f u r  from f u e l  before combustion, looks most promising as a long-range so lu t ion  
f o r  control l ing su l fu r  oxide pol lut ion from fossi l - fueled cen t r a l  power s t a t ions  
(Ref. 3) .  

~ 

Many processes, ranging from cleanup of t h e  stack 

The removal of s u l f u r  from f o s s i l  f u e l s  before combustion can be a d i f f i c u l t  
task,  and the resu l t ing  f u e l  del ivered to  t h e  power system is c e r t a i n  t o  cos t  more 
than the  r a w  f u e l  which serves as feedstock. I n  order t o  evaluate the  technical  
and economic f e a s i b i l i t y  of f u e l  desulfur izat ion processes as an a l t e r n a t i v e  t o  
s tack gas desulfur izat ion,  it i s  necessary t o  reappraise the t r a d i t i o n a l  methods 
of e l e c t r i c  power generation and t o  evaluate advanced power systems which may be 
capable of operating a t  higher e f f ic ienc ies  than conventional steam systems. 
Research Laboratories of United Aircraf t  Corporation, under contract  t o  t h e  
National A i r  Pol lut ion Control Administration+, a r e  current ly  invest igat ing the 
technical  and economic f e a s i b i l i t y  of desulfur iz ing coal and res idua l  o i l  and the  
u t i l i z a t i o n  of these desulfurized f u e l s  i n  advanced-cycle power systems. 
paper descr ibes  t h e  r e s u l t s  of cycle analysis  of various advanced power systems 
including preliminary est imates  f o r  t he  cost  of generating power with these 
systems and ind ica t e s  t he  benefi ts  that may arise tkrough t h e  u s e  of desulfurized 
fue l s .  

The 

This 
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FUEL PROCESSING 

While t h i s  paper dea ls  exc lus ive lywi th  the  preliminary results of a study 
on advanced-cycle power systems, it i s  appropriate t o  'discuss briefly a t  t h i s  
t i m e  the  type of f u e l  used i n  t h i s  invest igat ion.  
emission control standards, the su l fu r  contained i n  coa l  or res idua l  o i l  must 
be s igni f icant ly  reduced or removed al together .  One method of obtaining a low- 
s u l f u r  fuel i s  through the partial oxidation of coal  with steam and air at high 
temperature and pressure.  

t h e  su l fur  cMnpounds. Since the gas i f ica t ion  processes and desulfurization 
techniques of i n t e re s t  would typ ica l ly  operate at elevated pressures,  a high- 
pressure f u e l  gas having a heat ing value of 150 t o  200 B t u / f t 3  at standard 
conditions would result. 
w i t h  t he  power systems t o  be discussed, and therefore  t h i s  type of f u e l  w a s  
assumed i n  a l l  the  systems invest igated.  

In  order  t o  meet su l fu r  oxide 

The product gas f r o m  t h i s  p rocess ,wi th  su l fur  now 
i n  t h e  form of H2S and COS i s  then sent t o  a desulfur izat ion uni t  which removes I 

Such a fuel gas has a number of advantages i n  combination 

Preliminary estimates of the cost  of p o t e n t i d l y  a t t r a c t i v e  gas i f ica t ion  
processes have indicated that a clean, desulfurized f u e l  could be del ivered t o  a 
mine-mouth powerplant for a cost which is  25% t o  5 6  grea te r  than the cost  of the 
raw fue l .  

I 

ADVANCED-CYCIi3 PCWER SYS'BKS 

IIhe spec i f i c  types of advanced-cycle pmer  systems invest igated a re  shown i n  
Table &and can be grouped i n t o  two generic c lass i f ica t ions :  external-combustion 
parer systems in w h i c h  boilers or  heaters a r e  used t o  heat  the working f lu id ,  a d  
internal-combustion power systems in  which the products of combustion cons t i tu te  
the working f l u i d .  
using the  conventional steam cycle, binary cycles u t i l i z i n g  steam and other working 
f lu ids ,  and cycles such as the closed-cycle gas turb ine  i n  which the working f luid 
i s  heated i n  a gas heater. The in te rna l -cmbust im systems s tudied were essent ia l ly  
based on variat ions of the  gas turbine cycle and included consideration of paver 
systems using the  combined gas and steam (COGAS) turbine cycles.  The invest igat ions 
were based on present-day pmer  system technology, although possibly not ye t  reduced 
t o  commercial practice,  as w e l l  as technology judged t o  become commercially ava i lab le  

The external-combustion systems invest igated include those 

1 
1 

i n  the 1980 and 19% decades. I 

Steam Systems 

Conventional steam paver systems were included i n  the inves t iga t ion  t o  provide 
Performance estimates predicted 

It is  
a basis of comparison for all other  power systems. 
for projected future conventional steam pmer  systems are given i n  Bble 11. 
apparent from this t ab le  that t h e  ove ra l l  s t a t i o n  e f f i c i enc ie s  for these systems are 
not  projected t o  increase subs tan t ia l ly  i n  the t i m e  span considered, because technol- 
ogy available for use i n  steam power s ta t ions  has reached a plateau. 
minor increases i n  s t a t i o n  efficiency w i l l  be possible  due t o  s l i g h t  increases i n  
the  in t e rna l  e f f ic ienc ies  of turbcgenerators and boilers ,  bu t  subs tan t ia l  increases 
in eff ic iency due t o  improved cycle  conditions a r e  n o t  foreseen, s ince any increase 
i n  cycle temperature and pressure would r e s u l t  i n  a very marked increase i n  system 
c a p i t a l  costs .  

Relatively 

Thus, no s igni f icant  increase i n  c o n v e n t i d  steam paver s t a t i o n  
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thermal eff ic iency i s  foreseen t o  of fse t  the  i,ncreased costs  projected f o r  fu ture  
desulfurized fue l s .  

Binary Cycles 

The basic  steam pmer  s t a t i o n  may be  modified by the addi t ion  of  a binary cycle 
t o  either increase i t s  efficiency or decrease i t s  c a p i t a l  cost ,  both with t h e  goal 
of maintaining or reducing t h e  cost  of parer .  One method which has been suggested 
(see Ref. 4, f o r  example) f o r  reducing t h e  c a p i t a l  cos t  of power Stations is  t o  Stop 
the steam expansion at approximately 35 psia ,  el iminate the relatively expensive low- 

- pressure sect ions of t h e  steam turbine,  and incorporate an ammonia o r  fluorocarbon 

c a p i t a l  cost  of the bottoming system would be l e s s  than f o r  t h e  steam equipment i t  
replaces.  A temperature-entropy diagram f o r  a 3500 psig/lOOO F/1000 F steam cycle 
with an ammonia bottoming cycle i s  depicted i n  Fig.  1. The ef f ic iency  of a power 
s t a t i o n  incorporating t h i s  type of a bottoming cycle would be subs tan t ia l ly  less 
than that of a 3500 Psig/lOOO F/1000 F steam s ta t ion ,  i .e . ,  approximately 35.7% 
compared t o  3 8 . 6 ,  because of t h e  i r r e v e r s i b l e  hea t  transfer between steam and 
ammonia, and because it i s  estimated that t h e  ammonia turbine would be  capable of 
a t t a i n i n g  a s l i g h t l y  lower i sen t ropic  e f f ic iency  than the sec t ion  of the steam 
turbine which i t  would replace.  Analysis has  shown that t h e  increased f u e l  con- . 
sumption due t o  reduced cycle eff ic iency would more than o f f s e t  any system c a p i t a l  
cost  reductions tha t  m i g h t  be an t ic ipa ted  with a bottoming cycle. In f a c t ,  when 
account i s  taken of various c a p i t a l  cost  pena l t ies  associated with t h e  use of f l u i d s  
other than steam, such as t h e  need t o  employ welded construction t o  minimize leakage, 
the  t o t a l  c a p i t a l  cost  of a bottoming cycle  would not  be s i g n i f i c a n t l y  d i f f e r e n t  than 
t h e  cos t  of t h e  conventional steam equipment it would replace.  

1 bottoming cycle which would operate a t  r e l a t i v e l y  high pressure. Supposedly, the 

A method which has been suggested f o r  increasing the performance of t h e  parer 
s t a t i o n s  is t o  use a high-temperature topping cycle which would r e j e c t  i t s  hea t  i n  
a steam boi le r .  Previous s tud ies  (Refs. 5 and 6 ) of this type of cycle have ind i -  
cated that potassium would be t h e  best topping-cycle working f l u i d .  
eliminate the  upper l i m i t  of system performance, the potassium topping cycle  shown 
i n  Fig.  2 was analyzed. ‘Ihe potassium would be pumped t o  i t s  h ighes t  pressure of 
only 152 psia,  heated t o  2000 F by combustion gases, expanded through a turbine 
equipped with moisture separators  t o  keep the moisture content of t h e  potassium 
from exceeding l2$, and f i n a l l y  exhausted i n t o  a steam hea ter  wherein the potassium 
would be  condensed. 
3500 psig/lOOO F/1000 F steam cycle, a binary cycle eff ic iency of 58.8$ would r e s u l t .  
The overa l l  s t a t i o n  efficiency, taking i n t o  account such f a c t o r s  as b o i l e r  losses,  
generator  e f f ic ienc ies ,  and pump losses ,  would be 5 O . q .  This value i s  m o r e  than 
10 points  higher than t h e  eff ic iency of t h e  b e s t  present-day steam plant .  As i n  
t h e  case of the bottoming cycles, the cos t  of t h e  system equipment would be penal- 
i zed  i n  comparison with conventional steam systems because of t h e  necess i ty  t o  elim- 
inate leakage of the  working f l u i d  and a l so  t o  provide safe ty  equipment t o  minimize 
t h e  poten t ia l  e f fec ts  of a potassium-water react ion.  
requi re  very cost ly  materials f o r  construction. 
f o r  this system of over $200/kw is s igni f icant ly  higher than t h a t  f o r  conventional 
p lan ts ,  and it i s  estimated that t h e  t o t a l  cos t  of producing e lectr ic i ty  would n o t  
b e  reduced r e l a t i v e  t o  the  cos t  w i t h  conventional steam s t a t i o n s .  
p’r’oblems associated with t h e  successful development of potassium turbines  of severa l  

In  order t o  

If such a potassium cycle were used i n  conjunction w i t h  a 

~ 

Also, the  h e a t  exchangers 
n u s ,  the estimated c a p i t a l  cos t  

Furthermore, the 
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hundred megawatts capacity are very complex. 

Closed-Cycle Systems 

A second group of external-combustion cycles i s  formed by what could be cal led 
closed-cycle gas turbine systems. me systems investigated included a t rue  Brayton- 
cycle system u t i l i z ing  helium as the  working f lu id ,  a supe rc r i t i ca l  Rankine-cycle 
system u t i l i z ing  CO, as  the working f l u i d ,  and a combination Rankine and Brayton- 
cycle system ut i l iz ing  SO, as the  working f l u i d .  

' 

Several cycle configurations involving the  use of intercooling, regeneration, 
and reheating were studied. Considerations of advanced mater ia ls  su i t ab le  f o r  use 
i n  the f lu id  heaters indicated that tube w a l l  temperatures would have t o  be re- 
s t r i c t e d  t o  1800 F o r  below i f  m acceptable equipment l i fe t ime of at least 100,000 
h r  w e r e  t o  be obtained. Thus, it w a s  decided t h a t  the maxi- working f l u i d  tem- 
perature would be l imited t o  1600 F, and cycle evaluations and equipment s iz ing 
were performed fo r  t h i s  value.  A second temperature l eve l  of I200 F a t  which ad- 
vanced, but current ly  ava i lab le ,  materials could be used was a l s o  selected f o r  
evaluation. 
levels ,  the tradeoff between cycle eff ic iency and equipment cap i t a l  cost  could be 
e s t i m t e d .  

Fiy inves t iga t ing  a number of configurations for'  these two temperature 

H e l i u m  closed-cycle gas  turbine systems have been the  subject  of widespread 
i n t e r e s t  (e.g., Refs. 7, 8, and 9) because of the  poten t ia l ly  high cycle thermai 
ef f ic ienc ies  such as those shown i n  Fig.  3. The e f f i c i enc ie s  shown are f o r  a cycle 
having one intercooler  and a 9% ef fec t ive  regenerator.  For t h e  1 6 0 0 - ~  temperature 
l i m i t ,  the eff ic iency would be approximtely 47$, and a t  the  EOO-F  level ,  approx- 
imately 44$. 
configuration, and the  system se lec ted  f o r  fur ther  evaluation a t  1600 F would u s e  
two intercoolers  and a 9@ e f fec t ive  regenerator t o  give an estimated 48.55 cycle 
eff ic iency.  
an estimated installed cos t  of $170/kw. 

This e f f ic iency  can be increased somewhat by going t o  a d i f fe ren t  

The resu l t ing  power s t a t i o n  would have a n e t  eff ic iency o f  41$ w i t h  

'Ihe use of COz as a working f l u i d  has been invest igated a number of times, 
Refs. 9 and10 being prime examples. 
CO, cannot be used i n  a Rankine cycle since the minimum cycle temperature allowed 
by the  avai lable  cooling water is  approximately 100 F. A t yp ica l  cycle  using CO, 
is shown i n  Fig.  4 i n  which i t  is  seen tha t  t h e  flaw would be s p l i t  i n to  two S t r e a m S ,  

one being compressed i n  a gas compressor and the other  being cooled t o  supe rc r i t i ca l  
l i qu id  and then pumped up t o  maximum cycle pressure. A configuration such as this 
reduces the  t o t a l  compressor work required and would a l s o  allai the use of extensive 
regneration. lbe configuration of Fig.  4 would result i n  an overall s t a t i o n  e f f i -  
ciency of 39$ at an estimated c a p i t a l  cost of about $2OO/kw. 

Because of i ts  l a w  c r i t i c a l  temperature, 88.7 F, 

The f i n a l  working f l u i d  considered f o r  the external-combustion cycles was SG. 
While this f lu id  is  toxic,  it does exhibi t  other propert ies  which mke it an i n t e r -  
es t ing  f lu id  for Power systems (Ref. 11). 
thus, a condensing cycle  can be considered. 
is  s h a m  i n  Fig.  5.  
one compressed as a gas, t h e  second ccndensed t o  the  l i qu id  s t a t e  and pumped t o  
maximum cycle  pressure. 

The c r i t i c a l  temperature of SO, i s  315 F; 
The ~ ~ O O - F  cycle selected f o r  evaluation 

Like t h e  CO, cycle, the  f l o w  would be s p l i t  i n to  two streams: 

Ety u t i l i z i n g  a reheat  cycle  and a 9 . 5 $  ef fec t ive  regen- 
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era tor ,  t h i s  cycle would exhib i t  an eff ic iency of nearly 5%. 
eff ic iency Would be about 51% w i t h  an ins t a l l ed  cost  estimated t o  be $227/kW, an 
appreciable portion of which can be a t t r i bu ted  t o  the. very la rge  regenerator.  

!the overa l l  s t a t ion  
1 

!thus, a number of var ia t ions of external-combustion cycles have been inves t i -  
gated with the in ten t  of increasing e f f ic ienc ies  or decreasing c a p i t a l  cost  i n  order 
t o  o f f se t  t he  poten t ia l  increase i n  f u e l  cos t  which would r e s u l t  from using desul- 
fur ized fue l .  
marized i n  Fig.  6 i n  which the  estimated generating cost  i n  mills per kilowatt  hour 
f o r  each system i s  compared with t h a t  of a conventional steam system. 

present-day untreated res idua l  f u e l  o i l ,  and 5O+/million Btu, a pr ice  projected f o r  
typ ica l  fu ture  desulfurized fue ls .  
of the cycles discussed thus far demonstrate cost  advantage over t h e  conventional 
steam system. 

!the poten t ia l  power costs  for systems using these cycles a r e  sum- 

!the generating 
~ costs  a r e  given f o r  two f u e l  costs, gO+/million Btu, which is  a typ ica l  pr ice  of 

, IIhe r e s u l t s  presented i n  Fig.  6 show that none 

G a s  G b i n e  Systems 

The second generic  group of pmer  systems considered f o r  use i n  cen t r a l  s ta t ions  
consis ts  of i n t e rna l  combustion systems i n  which the products of combustion consti-  
t u t e  the working f l u i d .  Contrary t o  the  case f o r  conventional steam systems i n  ' 

which no s igni f icant  improvement i n  p e r f o m n c e  i s  foreseen during t h e  t i m e  period 
of i n t e re s t ,  i ndus t r i a l  gas turbine technology i s  projected t o  continually improve 
during the  next several  decades, p r i m r i l y  because of f a l l o u t  from advanced a i r c r a f t  
development programs (Refs. 12, 13, and 14) .  
nology i n  la rge  industr ia l - type gas turbines  could then give r i s e  t o  performance 
benef i t s  that would allow these engines t o  become competitive w i t h  steam pmer 

The use of a i r c r a f t - g a s  turbine tech- 

systems. 

I Figure 7 lists some aspects of gas turbine technology f o r  the  three  time periods 
I under consideration. Ihe projections shmn i n  Fig.  7 ind ica te  that both aerdynamic 

performance ( i . e . ,  compressor and turbine e f f i c i enc ie s )  and turbine i n l e t  tempera- 
tu res  increase w i t h  time. The projected improvements i n  turbine i n l e t  temperature 
are due t o  two considerations:  increases i n  mater ia ls  technology, which allow blade 
materials t o  withstand higher operating temperatures, and improvements i n  blade 
cooling techniques. His tor ica l ly ,  turbine i n l e t  temperatures have advanced approxi- 
m t e l y  20 F per year because of materials improvements. 
i n  Fig. 8 along with the improvement made possible  by the use of severa l  cooling 
techniques. 
both improved materials and improved cooling techniques. 

This improvement i s  shmn 

D a t a  points i n  Fig. 8 indica te  ac tua l  or  projected engines u t i l i z ing  

A major improvement i n  gas turbine performance could be rea l ized  i f  the com- 
pressor bleed air normally used t o  cool t he  turbine blades is precooled i n  an 
external  heat  exchanger t o  tempentures  of about 125 F before being u t i l i z e d  i n  
the  turbine for .cool ing purposes. %e performance improvements that would r e s u l t  
from t h e  use of precooled compressor bleed air are: (1) f o r  the same amount of 
bleed air  extract ion,  a higher turbine inlet temperature could be real ized,  or  (2) 
a smaller extract ion f l m  would be required t o  maintain a given turb ine  i n l e t  
temperature. !the p e r f o r m c e  gains  which might then be rea l ized  by using pre- 
cooled bleed air are shmn i n  Fig.  9, i n  which projected performdnce f o r  th ree  - 

$enerat iom of engines is  shmn.  Another b e n e f i t  which might arise from the  use 
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of precooled compressor bIeed air  is  t h a t  less cos t ly  impingement cooling might be 
used instead of t r ansp i r a t ion  cooling i n  very high-temperature engines. 

!be performance shown i n  Fig. 9 w a s  based on the  use of methane as Puel. lhe 
use of a f u e l  resu l t ing  from gas i f ica t ion  of coal  would ac tua l ly  improve the  per -  
formance over t ha t  of an engine burning methane. 
Fig. 10 far an advanced-design engine. 
the f u e l  gas supplied fram a high-pressure (above 15 a t m )  cua l  g a s i f i c a t i s n  f a c i l i t y  
typ ica l ly  would have a lcn? hea t ing  value (150 t o  200 Btu/ft3) and, thus, d i sp lace  
air which would normally be compressed i n  the compressor sec t ion  of the gas turbine.  
The gas turbine would then operate  a t  higher e f f ic iency  bemuse there would be less 
compression work far the same ne t  pcuer output. Ihe incent ive t o  produce a clean, 
gas i f i ed  f u e l  su i tab le  f o r  gas turbines  i s  quite high s ince  the use of such a f u e l  
Would allm the  operation of gas turbine cen t r a l  s t a t i o n s  which should be l e s s  
cos t ly  than comparable steam stations and should operate at  e f f i c i enc ie s  equal t o  
or b e t t e r  than those envisioned for steam power systems. 

This improvement i s  s h a m  i n  
The improved perfarmaace results because 

c a s  systems 

A second and po ten t i a l ly  more promising system u t i l i z i n g  gas turbines  is the 
combined gas and steam (COGAS) pcwer system. A simplif ied schematic diagram for an 
exhaust-fired type of C a s  system is shown i n  Fig. ll. Fuel from the gas i f i ca t ion  
process would be fed i n t o  the burner of a high-temperature gas turbine.  A f t e r  com- 
bust ion and expansion through t he  gas turbine, the  hot  combustion products would be 
exhausted i n t o  a heat  recovery b o i l e r  t o  r a i s e  steam for expansion through a steam 
turbine.  The appl ica t ion  of 
COGAS pmer  systems t o  large-capacity, base-load e l e c t r i c  power generation (Refs. 
15 and 16) has been limited primarily t o  the US Southwest where la rge  quant i t ies  
of lcu-cost natural gas are avai lable .  Even i n  this area, the small improvements 
i n  perfarrnance arid cos t  offered by present-day COGAS sys t em r e l a t i v e  t o  those of 
the  conventional steam s t a t i o n s  have not been s u f f i c i e n t l y  high t o  induce u t i l i t i e s  
t o  convert from conventional steam t o  COGAS systems. I n  those few l a rge  COGAS 
systems that have been put in  operation, supplementary f i r ing is employed i n  the  
bo i l e r  a d  the  gas turbines  produce less than 20$ of the t o t a l  s t a t i o n  output. 

- 

Supplementary f i r i n g  i n  the bo i l e r  w o u l d  be optional. 

Early results of this inves t iga t ion  indicated t h a t  s t a t i o n  eff ic iency could be 
increased s ign i f i can t ly  if the amount of gas tu rb ine  par t ic ipa t ion  w e r e  increased 
by reducing the  amount of supplementary f i r i n g  i n  the  boi le r .  
i n  COGAS perfommce would b e  possible by increasing the gas turbine i n l e t  tem- 
perature. 
incorporating a low-perfarmaoce steam cycle (thermal ef f ic iency  of 34$) and gas 
tu rb ine  i n l e t  temperatures of 2000, 2400, and 2800 F. Ilbe data i n  Fig. I2 c lear ly  
ind ica t e  that the  bes t  COGAS performance would be obtained if the  steam bo i l e r  were 
of the simple waste-heat recovery type with no supplementary ccmbustim. Detailed 
performance and economic analyses  of various steam cycles  far use i n  COGAS systems 
w e r e  car r ied  out, resulting i n  se lec t ion  of' a 2400 psig/lOOO F / 1 W  F steam cycle 
without  feedwater heating. 
cycle  are sharn i n  Fig. 13 far turbine inlet temperatures of 2000 F, 2400 F, and 
2800 F, and for a range of appl icable  pressure ratios. . These estimates are based on 
t h e  use of both methane and a 162-Btu/ft3 gas suppl ied a t  burner pressure. As with 
t h e  simple gas turbine system, both cycle  e f f ic iency  and paier  output per u n i t  air- 

, 

Further  increases  

lhese t rends are s h a m  i n  Fig. I 2  f o r  methane-fueled COGAS systems 

Perfannance estimates of COGAS systems using this steam 
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f l o w  would be higher f o r  t h e  system burning law-Btu gas. 
e f f i c i enc ie s  of 5 4 ,  i n  systems using current  technology, t o  563& or 57% i n  later 
generations would be s ign i f i can t  improvements over t h e  e f f ic ienc ies  that might be 
real ized by any other system except t he  very exot ic  and very expensive l iquid-metal  
topping cycles.  The CCGAS system, haiever, would use machinery which is  evolutionary 
i n  nature,  i .e . ,  machinery which i s  based upon a c t u a l  power systems now being m u -  
facgured. 

The projected n e t  S ta t ion  

By u t i l i z i n g  advanced cooling techniques such as precooled bleed air, t h e  
mimum turbine i n l e t  temperature for  t h e  three time periods of i n t e r e s t  a r e  pro- 
jected t o  increase t o  2200, 2800, and 3100 F, respect ively,  resu l t ing  i n  e f f i c i enc ie s  
several  points  higher than those depicted i n  Fig.  13. The projected e f f i c i enc ie s  of 
CCMS systems using precooled bleed air  and burning law-Btu gas supplied a t  burner 
pressure and 150 F axe s h m n  i n  Fig.  14 t o  apprcach 5@, a value which is nearly 
5 6  grea te r  than now rea l ized  i n  conventional steam s t a t ions .  
may be improved even more i f  t h e  f u e l  gas were t o  be supplied t o  t h e  system at  a 
temperature higher than 150 F, as shain i n  Fig.  15 f o r  a third-generation or 3100-F 
turbine i n l e t  temperature system. A t  f u e l  gas temperatures of 600 F and above, t h e  
performnce of the system could be boosted t o  values of 6 6  and over, a g a l  which 
should supply a tremendous incentive t o  f u e l  cleanup processes. 

%is performance 

Preliminary estimates f o r  t he  overal l  cost  of e l e c t r i c i t y  generated by a 
conventional steam system, a s t r a i g h t  gas turbine system, and a GOGAS system'are 
shown i n  Fig.  16. The project ions presented i n  Fig. 16 demonstrate that t h e  use 
of advanced technology i n  gas turbines  could r e s u l t  i n  power systems which may 
produce e l e c t r i c i t y  at cos t s  equal t o  o r  even l e s s  than now rea l ized  from conventional 
steam systems, and s t i l l  reduce t h e  mission of s u l f u r  oxides i n t o  the  atmosphere. 
A second benefi t  a r i s i n g  f r o m  these systems is a reduction i n  thermal pol lut ion 
of cooling water. 
thus, t h e r e  i s  no thermal pol lut ion of cooling water. A reduction of thermal 
pol lut ion by about 5 6  (compared t o  conventional steam s t a t i o n s )  i s  possible  with 
COGAS systems because of t h e  increase i n  cycle eff ic iency,  and because of t h e  
higher sensible  heat content of t he  stack gases. 

The s t r a i g h t  gas turbine r e j e c t s  heat d i r e c t l y  t o  t h e  atmosphere; 

CONCLUSIONS 

I n  conclusion, it can be s a i d  that the  use of a i r c r a f t  technology i n  i n d u s t r i a l  
gas turbines  UEIJ result i n  power systems whi'ch could produce e l e c t r i c  p w e r  at 
reasonable cost  using f u e l s  which a r e  appreciably more expensive than those used 
today, but which do not contain su l fu r .  %e premise t h a t  advanced-cycle pmer  
systems could maintain the cost  of producing e l e c t r i c i t y  at  l eve l s  n m  obtained 
with conventional systems has been shwn t o  have grea t  promise i n  fu tu re  power 
systems. Additional benef i t s  w i l l  occur through t h e  use of advance-cycle pmer  
systems i n  areas of thermal pol lut ion and i n  c a p i t a l  costs .  

FUTURE W a R K  

Having determined the most promising generic c l a s s i f i c a t i o n  of power sys tem,  
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t h e r e  remains a good deal of work t o  be 'done. 
would lead t o  actual  engine development can be undertaken, fu r the r  s tudies  must be 
made with t h e  objective of determining t h e  best  cycle configuration and operating 
conditions. Of immediate i n t e r e s t  i s  the  problem of combustion of t h e  low-Btu 
f u e l  gas i n  t h e  v i t i a t e d  conditions occurring i n  a reheat combustor. 
reheat  i n  a COGAS cycle may allow s ign i f i can t  gains i n  performance, but current 
l imi ta t ions  of funding do not  allow a thorough study of this cycle. 
advanced-cycle power systems during t r ans i en t  periods w i l l  a l s o  require more 
de t a i l ed  analyses, p a r t i c u l a r l y  i n  combination with the  f u e l  gas i f ica t ion  systems. , 

Evaluation of the e f f e c t  of these a reas  on system cos t s  must a l s o  be made. 
Comparable work i n  t he  f u e l  clean up processes must also be performed, pa r t i cu la r ly  
i n  the  a rea  of high-temperature, high-pressure desulfur izat ion techniques. 

Before d e t a i l e d  design work which 
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TABLE I 

ADVANCED-CYCLE PCNER SYSTm INVESTIGATED 

External -Combust i on Sy sterns 

Conventional Steam 

Binary Cycle Bottoming 

Binary Cycle Topping 

Closed-Cycle Gas Turbine 

Internal-Combustion Systems 

Open-Cycle Gas Turbine 

Combined Gas and Steam (COGAS) !Turbine 
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FIG. 7 

PROJECTED DESIGN TECHNOLOGY FOR 
BASE-LOAD GAS TURBINE SYSTEMS 

FUELS: METHANE (HHV = 1000 8TU/FTJ ) 
PRODUCER GAS (HHV = 162 BTU/FTJ) 

PARAMETER TlMF PERIOD 

FIRST GENERATION SECOND GENERATION THIRD GENERATION 
(1970's) (1980's) (1990's) 

TURBINE INLET GAS 
TEMPERATURE, F 

COMPRESSOR PRESSURE RATIO 

COMPRESSOR POLYTROPIC 
EFFICIENCY, 7. 

TURBINE NOMINAL ADIABATIC 
EFFICIENCY, X 
REGENERATOR AIRSIDE 
EFFECTIVENESS, 9; 

REGENERATOR TOTAL 
PRESSURE DROP, 7% 

TURBINE COOLING TECHNIQUE 

TURBINE COOLING 
TEMPERATUREJ 

AIR 

1600 TO 2400 2000 TO 2800 2400 TO 3100 

8 TO 28 8 TO 36 8 TO 36 

89 92 93 

90 92 93 

60 TO 90 60 TO 90 60  TO 90 

4 TO 8 4 TO 8 4 10 8 
1. IMPINGEMENT- 

IMPINGEMENT- IMPINGEMENT- CONVECTION 
CONVECTION CONVECTION 2. TRANSPIRATION 

1. SAME AS COMPRESSOR DISCHARGE AIR TEMPERATURE 
2. PRECOOLED TO 125-10-250 F 

TURBINE INLET TEMPERATURE 

OPERATION 
PROGRESSION FOR BASE-LOAD 

EFFECT OF MATERIAL 
3100 
2900 - kRov;ENT PLUS COOLING 

1.R A N SPI R A T I  0 N 
.00LING 
lECHNlQUES 

y. ... 
I 

IMPINGEMENT - 

/ 

0 

MATERIAL 
IMPROVEMENT 
20 F/YR 

ACTUAL OR 
PROPOSED 
POWER PLANTS 
PROJECTIONS 
BY INDUSTRIAL 
GAS TURBINE 

MANUFACTURER! 

c 

1300 
1950 1960 1970 1980 1990 2000 2010 

YEAR 



- 93 - 

FIG. 9 
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FIG. 11 

COMBINED GAS-STEAM TURBINE SYSTEM 
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FIG. 13 
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FIG. 15 

EFFECT OF FUEL SUPPLY TEMPERATURE ON 
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